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Introduction
Nitroxides are persistent, stable free radicals, in which the unpaired electron is delocalized across the N-O moiety, occupying p π orbitals of the nitrogen and oxygen atoms. Nitroxides readily react with carbon-, sulfur-and phosphorous-centered radicals to form diamagnetic adducts at close to diffusion controlled rates. They also readily undergo single-electron reduction and oxidation processes to form, hydroxylamine and oxoammonium cation derivatives respectively. In more complex interactions with oxygen-centered radicals, cycling between these oxidation states can occur, providing a catalytic mechanism for the dismutation of reactive oxygen species [1] .
The potential applications of EPR (Electron Paramagnetic Resonance) spectroscopy using nitroxides include biophysical and biochemical studies, such as the analysis of membrane fluidity, pH, thiols, temperature, assays for reactive free radicals, oximetry and measurement of redox interactions with antioxidants and oxidants [2] [3] [4] [5] [6] [7] [8] [9] . With the development of in vivo EPR, it is now possible to perform non-invasive studies of the pharmacokinetics of nitroxides, providing an effective approach to understand the fundamental aspects of the metabolism (redox status) and distribution of the nitroxides in vivo. Nitroxides and their hydroxylamine analogues have been suggested as potential therapeutic or diagnostic drugs based on their function as superoxide dismutase mimics and their interactions with free radicals such as superoxide and peroxynitrite [7] . In vivo EPR spectroscopy of nitroxides provides a noninvasive method to measure the presence of such reactive free radicals through their effects on the concentration of the nitroxides. It is possible to obtain images that reflect these processes by combining Magnetic Resonance Imaging (MRI) with the oxygen dependent metabolism of nitroxides [10] [11] [12] .
The measurement of oxygen concentration in vivo using EPR spectroscopy has considerable potential, as numerous deleterious pathologies are associated with low concentrations of oxygen (hypoxia), including tumors, rheumatoid arthritis and tissues undergoing an ischemic episode (e.g. myocardial infarct, ischemic stroke). EPR oximetry relies on the use of paramagnetic probes with oxygen-dependent EPR spectra, and a number of particulate and soluble materials have been utilized in this role [13] . Of the soluble probes, nitroxide and triarylmethyl (trityl) radicals are those most widely investigated. While the narrow single-line EPR spectra of triarylmethyl radicals are sensitive to O 2 concentration, the hydrophobicity of these probes restricts their biological application, although the use of micro-and nano-scale delivery systems and preparation of new derivatives is promising [14] [15] [16] [17] [18] [19] . Nitroxides, in contrast, offer greater structural diversity and are readily synthetically modified (including isotopic labeling) to enhance biocompatibility.
With such high chemical versatility and a broad range of potential applications , a large number of different nitroxides have been synthesized for specific applications [1, 7] . An important goal of this work is the ability to selectively accumulate a nitroxide probe in a tissue of choice and this is a major aspect of our quest to develop improved imaging and nitroxide-labelled arabinogalactan [20] and lipids [21, 22] as contrast agents for hepatic MRI.
More recently, the pyrrolidine nitroxide 3-acetoxymethoxycarbonyl-2,2,5,5-tetramethylpyrrolidin-1-yloxyl (CxP-AM) has emerged as one of the most promising compounds to partially address the goal of selective tissue accumulation, having been shown to selectively accumulate in brain tissue [23] [24] [25] [26] . In contrast to most water-soluble nitroxides, CxP-AM is membrane-permeable and capable of crossing the blood-brain barrier.
Intracellular esterases hydrolyze the compound to the corresponding carboxylate which is resistant to bioreduction and accumulates to millimolar concentrations within the cells.
Selective localization and retention of this compound in the brain, has seen this compound utilized for oximetry in mouse brains [27, 28] . Additionally, this nitroxide could potentially be used to study the redox status of the cerebellum under physiological and pathological conditions including primary or secondary brain tumors.
In previous work, we evaluated a number of isoindoline nitroxides, including anionic (5-carboxy-1,1,3,3-tetramethylisoindolin-2-yloxyl; CTMIO), cationic (5- (N,N,N- trimethylammonio)-1,1,3,3-tetramethylisoindolin-2-yloxyl iodide, QATMIO) and neutral species (1,1,3,3-tetramethylisoindolin-2-yloxyl; TMIO), and an isoindoline-based hydroxylamine, as probes for EPR oximetry in viable biological systems [29] . Structurally, isoindoline nitroxides are benzo-annulated analogues of the pyrroline and pyrrolidine nitroxides and are known to exhibit superior chemical and physical stability in a range of environments [30] [31] [32] [33] , as well as narrow EPR line-widths [34] [35] [36] . The investigated compounds exhibited low cytotoxicity and moderate rates of metabolism in the CHO cells.
The EPR spectra of the isoindoline nitroxides were also found to be more sensitive to oxygen concentration than the piperidine and pyrrolidine nitroxides, TEMPONE and PCA respectively, due to the presence of resolved superhyperfine splitting [29] . This suggested them as potentially useful oximetry probes and here, we have furthered these investigations by evaluating isotopically labeled ( 2 H 12 -and/or 2 H 12 -15 N) CTMIO, QATMIO and TMIO for this purpose. The three nitrogen-manifolds ( 14 N; I = 1) observed in the EPR spectra of the nitroxides are typically broadened by unresolved hyperfine coupling, primarily due to protons on the four β methyl groups. Deuteration of these methyl groups can significantly narrow the nitroxide EPR line-widths with a concomitant increase in signal intensity. Isotopic labeling of the nitroxide moiety with 15 N (I = 1/2) further simplifies the spectrum, producing two resonances rather than three, with a corresponding increase in the signal intensity.
We have also investigated two new nitroxides; 1,1,3,3-tetramethyl-2,3-dihydro-2-azaphenalen-2-yloxyl (TMAO) [37] and 5-acetoxymethoxycarbonyl-1,1,3,3-tetramethylisoindolin-2-yloxyl (AMCTMIO) [38] . The latter is an isoindoline nitroxide analogue of CxP-AM and has consequently been studied with regard to its biological localization and the effect of O 2 on its EPR spectrum. TMAO is a dibenzo-annulated analogue of the piperidine nitroxides such as TEMPO, in the same way that the isoindoline nitroxides are benzo-annulated analogues of the pyrroline and pyrrolidine nitroxides. The structural rigidity afforded by the fused rings in the structure of TMAO promises improvements in the spectroscopic (EPR) characteristics of the compound, relative to TEMPO and its analogues.
Results and Discussion

EPR characteristics and the effects of the oxygen concentration
We have previously reported the potential of isoindoline nitroxides as EPR oximetry probes in viable biological systems [29] . At low oxygen concentrations these nitroxides exhibit EPR spectra with well-resolved superhyperfine coupling due to the twelve protons of the methyl groups. In contrast, the superhyperfine coupling is unresolved in spectra of piperidine and pyrrolidine type nitroxides such as Tempone and PCA. The isoindoline nitroxides display high sensitivity to oxygen, exhibiting large relative changes in the line-width with increasing oxygen concentration. in all cases, and the fitting procedure is described in detail in the Experimental section. While the absolute EPR line-width changes with oxygen concentration, the relative change in the line-width provides a better measure of the sensitivity of a given probe, as it is easier to accurately measure a given change in line-width on a narrower line. Figure 4 shows the relative change in the line-width for the nitroxides and these results indicate that the nitroxides can be potentially categorized into two classes on the basis of their relative sensitivity to oxygen. Significantly, the oxygen sensitivity of the unlabelled isoindoline nitroxides is comparable to PDT, which is one of the most sensitive nitroxide oximetry probes available. CTMIO and PDT are essentially indistinguishable, while TMIO and QATMIO are slightly less sensitive than PDT. Thus, the isoindoline nitroxides offer oxygen sensitivity which matches that of PDT, but without the expense and synthetic complexity of isotopic labeling, and with the potential for more specific localization. Notably it is the superhyperfine resolution of the EPR spectra of the isoindoline nitroxides that provides the basis of the high sensitivity to oxygen.
Nitroxides
Changes in the line-width of the narrow superhyperfine features are readily measured and the resulting relative line-width changes are high. For Tempone, line-width changes must be measured across the whole of the nitrogen manifold, as the superhyperfine interactions are unresolved and relative line-width changes are consequently smaller. Notably, the unlabelled isoindoline nitroxides TMIO, CTMIO and QATMIO represent sensitive neutral, anionic and cationic oximetry probes respectively, with significantly varied partitioning coefficients [36] .
Deuteration of the nitroxides results in the narrowing of the nitrogen manifolds due to a significant reduction in magnitude of the superhyperfine coupling. For Tempone, this leads to increased oxygen sensitivity (as observed for PDT) as relative line-width changes are increased. The consequence for the isoindoline nitroxides however, is that the useful superhyperfine lines are unresolved, so that the changes in the line-width must now be monitored for the whole nitrogen manifold, as for the piperidine nitroxides. The narrowing of the manifold does not compensate for the loss of hyperfine structure, and the relative changes in line-width with oxygen content are smaller than those observed for the unlabelled compounds. Labeling with 15 N results in a two-line EPR spectrum but has essentially no effect on oxygen sensitivity, with the 2 H 12 -15 N-labeled compounds exhibiting essentially identical sensitivity to the 2 H 12 -14 N compounds. The 15 N-labeled compounds do however possess a signal-to-noise advantage, due to the greater signal intensity of their two-line spectrum, which could be significant for in vivo oximetry.
The X-band EPR spectra of active ester nitroxides CxP-AM and AMCTMIO were acquired in solution at 37 °C. Nitroxide CxP-AM exhibited a typical 3-line spectrum, with no resolution of superhyperfine coupling across the studied range of oxygen concentration. In contrast, the spectrum of nitroxide AMCTMIO featured resolved superhyperfine lines as observed for other isoindoline nitroxides ( Figure 5 ). The spectrum of AMCTMIO was simulated by assuming four equivalent methyl groups and notably, the superhyperfine lines broadened linearly with increases in perfused oxygen concentration. The oxygen sensitivity of AMCTMIO is similar to the parent CTMIO [29] . While the sensitivity of nitroxide CxP-AM is similar to that of the isoindoline nitroxides, in previous work its parent nitroxide 3-carboxy-2,2,5,5-tetramethylpyrrolidin-1-yloxyl (PCA) was found to be considerably less sensitive than the isoindoline nitroxides [29] . It must be noted that in a biological environment, esters CxP-AM and AMCTMIO are expected to be hydrolyzed to generate the parent nitroxides PCA and CTMIO, and it is most likely that these will be the actual species detected by in vivo EPR oximetry. The azaphenalene nitroxide TMAO is essentially insoluble in water and, while this complicates direct delivery to a biological system, the probe may instead be delivered by utilizing a lipophilic micro-or nano-scale delivery vehicle. This has the added potential of increasing its sensitivity to oxygen concentration as previously demonstrated for liposome [42] , microsphere [16, 43] and nano-emulsion [15] systems containing nitroxide and tritylradical oximetry probes. Encapsulation has the added advantage of protecting nitroxide probes from bioreduction. Here, the EPR characteristics of TMAO and its sensitivity to O 2 concentration were studied in ethanol. The room-temperature X-band EPR spectra feature resolved superhyperfine interactions at very low oxygen concentrations ( Figure 6 ). Resolution of the superhyperfine splittings rapidly decreases with increasing O 2 content of the perfusing gas and the superhyperfine features are completely broadened at 2% O 2 . In contrast, these features are resolved in the spectra of isoindoline nitroxides at O 2 concentrations of up to 5% -10%. Additionally, an extremely large relative change in line-width is observed in going from 0% to 21% perfused O 2 ( Table 2 ).
The pronounced sensitivity to oxygen of TMAO is likely to be a consequence of the high The resolution of the superhyperfine interactions in the spectra of TMAO at low O 2 concentrations illustrates one of the significant effects of benzo-annulation. For normal piperidine nitroxides, such as TEMPO, the superhyperfine interactions are unresolved under identical experimental conditions. Crystallographic studies [37] show that the geometric parameters of TMAO and TEMPO are very similar. The compounds also share very similar steric environments around the nitroxide moieties. It is most likely that the improved resolution in the TMAO spectra is due to the increased rigidity in the 6-membered ring. The motion that occurs in the TEMPO ring on the EPR timescale is precluded in TMAO due to the dibenzo-annulation of the nitroxide containing ring, and consequently narrower EPR manifolds are observed. 
Intracellular localization of nitroxides CxP-AM and AMCTMIO
The localization of nitroxides in various intravascular compartments could potentially provide a direct measure of oxygen concentration and related parameters non-invasively using in vivo EPR spectroscopy and imaging. Utsumi et al have recently demonstrated this approach for simultaneous molecular imaging of redox processes using Overhauser-enhanced MRI with 14 N-and 15 N-labelled nitroxides [45] [46] [47] . Nitroxides that exhibit different EPR and partitioning properties could be used simultaneously to monitor intra and extra-cellular oxygen concentrations in cell suspensions or in vivo. As shown in Figure 7 , an intracellularly of CxP-AM was localized in the intracellular compartment within 2 hours and no significant increase in intracellular signal intensity was observed at 4 and 6h time points. Importantly, >90% cell viability was maintained over the course of these experiments.
Cytotoxicity of active ester nitroxide AMCTMIO in CHO cells
While the non-toxicity of CxP-AM [23] [24] [25] [26] and CTMIO [29, 38, 48, 49] 
Conclusions
The EPR spectra of the isoindoline nitroxides CTMIO, TMIO and QATMIO exhibit sensitivities to oxygen concentration, in terms of relative change in line-width, which are equivalent to that of PDT. Significantly, in contrast to PDT, this sensitivity is achieved without isotopic labeling (deuteration or 15 N). Isoindoline nitroxides with a range of partitioning characteristics and charges are available synthetically, and the compounds are non-toxic at the concentrations required for oximetry [29, 38, 48, 49] . The compounds may consequently prove useful in EPR oximetry for simultaneously measuring intra-and extracellular oxygen concentration in cell suspensions or in vivo. Deuteration of the isoindoline nitroxides fails to increase their sensitivity to O 2 concentration due to the loss of narrow superhyperfine features in the EPR spectra. 15 N-labelling has essentially no effect on O 2 sensitivity, but does increase the EPR signal intensity which may be important for in vivo applications. The active ester isoindoline nitroxide AMCTMIO exhibits low toxicity and evidence of localizing partially in the intracellular compartment. The EPR spectra of AMCTMIO and its hydrolysis product (CTMIO) exhibit high sensitivity to O 2 concentration.
The isoindoline nitroxides investigated here are potentially useful probes for in vitro and in vivo EPR oximetry. For the isoindoline nitroxides, the ideal combination of O 2 sensitivity and signal intensity may be achieved with non-deuterated 15 N-labeled compounds. Notably, refinements in spectral fitting methodology, such as the development of efficient procedures based on molecular structure, are expected to aid the derivation of line-width data from the experimental spectra and further improve the reliability of oximetry measurements. This is especially true when utilizing unresolved, or poorly resolved, superhyperfine features.
Superhyperfine resolution in the EPR spectrum of the azaphenalene nitroxide TMAO at low O 2 concentration appears to be a consequence of increased structural rigidity (with respect to piperidine nitroxides such as TEMPO) due to dibenzo-annulation. The spectrum of TMAO is sensitive to O 2 concentration, but its poor solubility in water means that, for biological applications, it may be more readily utilized in association with a lipophilic nanoscale delivery vehicle.
Experimental
General.
All reactions were conducted in oven-or flame-dried glassware. All solvents and reagents were used as commercially supplied. TLC was carried out on pre-coated silica gel 60 F 254
plates. Chromatography refers to flash chromatography on silica gel 60, 230-400 mesh (eluants are given in parentheses). 3-Acetoxymethoxycarbonyl-2,2,5,5-tetramethylpyrrolidin-1-yloxyl (CxP-AM) [23, 24] , 1,1,3,3-tetramethylisoindolin-2-yloxyl (TMIO) [40] , 5-carboxy- 
Deuterated TMIO and derivatives:
The deuterated TMIO derivatives were synthesized from 41, 50] . Deuterated 2-benzyl-1,1,3,3-tetramethylisoindolines were obtained via the method described by Griffiths et al [40] , utilizing perdeuterated methyl iodide in the Grignard reaction [34] . Notably, the yield of 2 H 12 -2-benzyl-1,1,3,3-tetramethylisoindolines is significantly higher (~60 %) than that obtained for the unlabelled analogue (~30 %). The yields of the subsequent synthetic steps were unaffected by deuteration. 
Cell
